A new diasteroselective approach for the preparation of chiral α-hydroxy-β-amino acids is described. It is based on the conjugate addition of either (R)-(+)-methylbenzylamine (4) or its lithium salt to the captodative olefins: methyl 2-aroyloxy-and 2-methacryloxy acrylates, 1a-1b and 1c. The highest diastereoselectivity is obtained when the addition is carried out with the chiral lithium amide in the presence of trialkylsilyl chlorides.
Introduction
β-Amino acids are crucial components of natural peptides and biologically active products such as β-lactam antibiotics.
1 A wide spectra of synthetic methodology is available for their preparation. 2 In particular, α-hydroxy-β-amino acids have attracted especial attention owing to their essential role in promoting the activity of some medicinally important drugs, among them the antitumoral Taxol® and derivatives, 3 or the antihypertensive agent KRI-1314. 4 Several strategies have been developed for the synthesis of these compounds, including as key steps such as: the Lewis acid-catalyzed diastereoselective aldol-type reaction of chiral imines with ketene silyl acetals; 5 the chiral epoxidation of (Z)-cinnamyl alcohol 6 or (Z)-ethyl cinnamate, 7 and subsequent epoxide cleavage by addition of ammonia, amine, or azide ion; the dihydroxylation of methyl (E)-cinnamate with the corresponding chiral osmium catalyst, followed by the regioselective introduction of the amino group at the beta position; 8 the asymmetric alpha Pd(OAc) 2 (Table 1 , entry 6). However, no significant asymmetric induction was observed, and the decomposition of the olefin by addition of the amine to the ester was the major process.
In accord with the results summarized in Table 1 , olefin 1a was found to react with amine 4a to give a mixture of the diastereomeric 1,4-addition products 5a/6a. The higher diastereoselection was found in the absence of additive, also reducing the amount of the addition byproduct 7a. It is likely that the formation of the latter be favored by the presence of the nitro group in the aromatic ring of the ester. Hence, we prepared the new captodative olefin 1b, which bears a bromine atom as substituent in the aryl ring, in order to lower the activating effect on the ester carbonyl group, and, consequently, to reduce the addition of the amine to this site. Unexpectedly, the reaction of 1b with chiral amine 4a in THF at 25 °C for 4 h yielded a ratio of 1,4-addition and ester addition products, 5b + 6b/7b, comparable to that found with olefin 1a (Table 1 , entries 1 and 7). In addition, the diastereoselection was lower in this case, since the ratio of 5b/6b was only 56:44.
With the aim of explaining these results and of designing a lesser activated ester, we analyzed the Mülliken charges of these olefins, and of the acrylate analogue 1c. Table 2 summarizes the charges (HF/6-31G**) at the reactive sites C-1, C-3, C-4, and C-6. It is interesting to notice that, for the aroyloxy captodative olefins 1a-1b and 1d, carbon C-4 is slightly more positive than carbon C-1, which could explain the fact that the amine adds to C-4 instead of C-1. Surprisingly, these values also suggest a preferential addition to the ester carbon C-4 with respect to a conjugate addition to C-3, since the latter is electron-rich. It is likely that the 1,4-addition products 5 and 6 arise from a high interaction energy between carbon C-3 and the nitrogen atom of the amine as a consequence of a mutual donation, as predicted for the 1,3-dipolar additions with nitrones. 11b The presence of an electron-donating group in the benzene ring in alkene 1d reduces just a little the electropositive character of carbon C-4 with respect to olefin 1a. An analogous trend is observed for olefin 1b, a fact that can explain the similar behavior in the addition of the amine to C-4 in both cases (Table 1) . For olefin 1c, carbon C-4 is only a little more positive than C-1 (Table 2) . Therefore, it is expected that the addition of the amine to C-4 of 1c be less important than for olefins 1a-1b and 1d. With respect to the conjugate addition of the amine to the beta positions of the acrylic moieties in 1c, the lower negative charge of carbon C-6 could predict a preferential attack of the amine to this carbon and not to carbon C-3 (Table 2) .
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Page 237 © ARKAT USA, Inc Therefore, with the interest to investigate the chemoselectivity of the addition of the chiral amine 4a to 1c, this bis-captodative alkene was prepared in high yield (90%) by treating methyl pyruvate with methacryloyl chloride in THF at -50 °C, and stirring at room temperature for 24 h. Indeed, when the reaction of 1c was carried out in the presence of amine 4a, the product of addition to carbon C-4 was reduced to 15%, as suggested by the charges at this carbon; however, in contrast to the expected chemoselectivity, the 1,4-addition to carbon C-3 was exclusive (Scheme 3). A mixture of diasteroisomers 5c and 6c was obtained (71%) with low selectivity (55:45), and no product from the C-6 addition was detected by NMR. This result confirms the higher reactivity of the captodative C-2/C-3 double bond in comparison with the captodative C-5/C-6 olefin, as shown in Diels-Alder cycloadditions and Friedel-Crafts reactions for analogous compounds.
Considering that the 1,4-addition can be favorably promoted by secondary amines, which in turn can be generated by silylating primary amines, 19 we carried out the reaction mentioned above in the presence of different alkyl-and alkylphenyl silyl chlorides, 8a-8c (Table 3) . Consequently, the lithium amide of amine 4a, prepared by deprotonation with n-BuLi, was mixed with 8 at -50 °C in anhydrous THF; after stirring the mixture for 30 min, the substrate 1a was added, and the reaction mixture was maintained at 25 °C for 24 h. Both, the proportion of amide 7a and the ratio of the stereoisomeric adducts 5a/6a, were similar in the three cases, showing a slight dependence on the silyl compound used in the reaction (Table 3 , entries 1-3). Contrary to our expectations, adducts 5a and 6a did not incorporate the silyl group after reacting the chiral amine with the corresponding silyl chloride. 20 In all cases, we were unable to detect, by NMR, the silylated amine in the crude mixtures. It appears that the acidic conditions of the workup are strong enough to cleave the acid-sensitive N-Si bond. 19, 20 However, the diastereomeric excess and the chemoselectivity were increased with respect to the unsilylated reaction conditions in THF, suggesting that the silane participates in the reaction. Furthermore, when the reaction was carried out in the presence of 8a, using ethyl ether as solvent, the de of 5a/6a was the best and the chemical yield was high (Table 3 , entry 4). Nevertheless, under the same solvent conditions, silyl chlorides 8b and 8c did not improve the diastereoselectivity, and the attack to the ester group was increased (Table 3 , entries 5 and 6). Although the chemoselectivity of the reaction did not improve when HMPA was added to ether as a co-solvent (Table 3 , entries 7 and 8), better results were obtained with THF was the solvent, since the amount of the amide byproduct 7a was reduced (Table 3 , entries 9 and 10). However, in the presence of dimethylphenylsilyl chloride (8c) the content of amide 7a was the highest and the de was very low (Table 3 , entry 11).
The configuration of the major isomer 5 was established by 2D and nOe NMR experiments, supported by ab initio calculation of the most stable conformations. Selected chemical shifts, and the coupling constants employed to assign the configuration of the diastereomeric pairs 5b/6b and 5c/6c (2RR/2SR), are listed in Table 4 . In all cases, the first order signals for the vicinal protons H-2, H-3a, and H-3b, consisted each of a very clear doublet of doublets with one gem ( 2 J HH ) and two vicinal coupling constants ( 3 J HH ), suggesting two possibilities: (a) A conformer much lower in energy than others with an intrinsic set of coupling constants, and (b) A set of several interconverting conformers with low rotational barriers and averaged coupling constants. Assuming the conformational behavior of the 5c/6c system.
NOe experiments suggested a spatial proximity between the protons labeled as H-2 and H3a (pro-(S)) for the (2R) isomers 5b and 5c. For example, for 5b, a magnitude enhancement of the signal attributed to proton H-2 at 5.38 ppm was observed when the signal at 3.09 ppm (H-3a) was irradiated. Also an enhancement was detected at the latter signal for the opposite irradiation (Figure 1 ). These enhancements were larger (> 6%) than those found (< 2%) between protons H-2 and the anti proton H-3b (pro-(R)) at 2.98 ppm. On the other hand, for the (2S) isomer 6b, the signal at 3.02 ppm attributed to proton H-3b showed a larger enhancement (> 5%) when the proton H-2 was irradiated (5.34 ppm), than that found (< 2%) for the irradiation of the anti proton H-3a (3.12 ppm), suggesting that for this isomer H-2 is closer to H-3b. Similar nOe enhancements were found for isomers 5c and 6c. In order to relate the experimental results to the conformational preference of these systems, we decided to determine the geometries of their most stable conformers. Conformational searches were carried out independently for the diastereomeric pair 5c/6c with the Monte Carlo method implemented in the Spartan program package, 21 using molecular mechanics (MMFF). About 200 different conformers were obtained for each isomer, which were reoptimized using semiempirical methods (AM1). All the conformers were further optimized at the HF/3-21G ab initio level. The lowest-energy conformers were succesively optimized at the HF/6-31G(d,p) and B3LYP/6-31G(d,p) levels of theory; vibrational analyses were performed on the sets of most stable conformers. All the ab initio calculations were carried out with Gaussian 94. 22 The final sets of conformers (thirteen for 5c and eleven for 6c) obtained at the B3LYP/6-31G(d,p) level consisted of those within the lowest 2 kcal of energy, relative to the most stable geometries. The vicinal coupling constants ( 3 J HH ) H-2/H3a and H-2/H-3b were estimated for all the conformers from the corresponding dihedral angles of the calculated conformers, using the Haasnoot-de Leeuw-Altona equation for three substituents, 23 as implemented in the Mestre-J program. 24 We assumed that the most stable conformers of the diastereomeric pair 5b/6b would be very similar to those of 5c/6c, in terms of their structural analogy and the similarity in the NMR data of both sets of compounds. The lowest energy conformers found for 5c/6c are shown in Figure 2 . In principle, it would be expected that the formation of an intramolecular hydrogen bond, between the amine hydrogen and one or more of the four oxygen atoms, led to conformational stabilization. Indeed, most of the low-energy conformers analyzed show an oxygen in close proximity to the N-H bond. In particular, two lowest-energy conformers of 5c and the two lowest-energy conformers of 6c (and
Page 241 © ARKAT USA, Inc several others of the studied set) have the ester oxygen of the unsaturated group in close proximity to the N-H bond, as can be seen in Figure 2 ; however, the O-HN distance is somewhat longer than in a typical hydrogen bond. It is interesting to notice that even though several cyclic hydrogen bonds could be formed, with ring sizes ranging from 5 to 7, the most stable structures correspond to a 5-membered ring. The structure of these molecules could also suggest that a larger stabilization would be obtained by simultaneous interaction of the NH bond with two oxygen atoms. However, none of the most stable conformers showed this feature. Table 5 shows the relative energies (B3LYP/6-31G(d,p)) of the most stable conformers of 5c and 6c, the H2-H3a and H2-H3b dihedral angles for each conformer, and the corresponding coupling constants, calculated as described previously. It is immediately apparent that none of the conformers has a set of calculated coupling constants that is in accord with the experimental results. In particular, the H2-H3a and H2-H3b coupling constants of the lowest energy conformers shown in Figure 2 are very similar for 5c, and very different for 6c, being this the result of the different spatial arrangement of the protons in both conformers.
Figure 2. Lowest energy conformers (B3LYP/6-31G(d,p)) obtained for 5c (left) and 6c (right).
The small energy differences among the conformers in each molecule, the differences in coupling constants observed among the different geometries (Table 5) , and the fact that the NMR signals of the protons under analysis are very well defined, suggested a rapid conformational interconversion. In order to prove this hypothesis we decided to determine averaged coupling constants from the relative energies, assuming a Boltzmann distribution of conformers; these results are also included in Table 5 .
Even though the numeric values of the calculated coupling constants do not quite agree with the experimental results (Table 1) , the trends in both sets of coupling constants are similar, suggesting that our hypothesis is correct. It is expected that the conformational behaviour in solution be somewhat different from that in the gas phase, leading to a different energy for each conformer and hence a different conformer population which, in turn, would manifest itself in a ISSN 
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Page 242 © ARKAT USA, Inc slightly different set of coupling constants. From the experimental coupling constants one can estimate the averaged dihedral angles in the fragment of interest. For 5c, the best combination of dihedral angles that fits the nOe data is θ H2-H3a = 51.4° and θ H2-H3b = 126.1°, while for 6c we have θ H2-H3a = -126.1° and θ H2-H3b = -44.6°. In summary, a new synthetic approach for the preparation of chiral α-hydroxy-β-amino acids was described. This was based on the diastereoselective addition of the (R)-(+)-methylbenzylamine (4a) to the captodative olefins 1a-1c. The diastereoselectivity was improved by addition of the lithium amide of 4a to the alkene 1a, assisted by the presence of alkyl-and alkylphenylsilyl chlorides (8a-8c). The best conditions were found by using t-butyldimethylsilyl chloride (8a) in ethyl ether, to give the (R) adduct 5a as the main diasteroisomer. Competitive addition of the amide to the ester group belonging to the electron-releasing group of the olefins 1a and 1b was also observed. An improved preferential 1,4-addition of the chiral amine to the conjugate moiety was successfully obtained by changing the aroyloxy group of 1a and 1b by the methacryloxy group of the olefin 1c; however, the diastereoselectivity was lower. A higher chemoselective and, perhaps, also diastereoselective addition might be carried out by the use of an alkoxy group, instead of the aroyloxy group as the electron-donating group in captodative olefins 1, which is not susceptible to undergo addition from amines. Studies focused toward this direction have been undergone, and the results will be reported in due course.
Experimental Section
General Procedures. Melting points (uncorrected) were determined with an Electrothermal capillary melting point apparatus. IR spectra were recorded on a Perkin-Elmer 1600 spectrophotometer.
1 H (300 MHz) and 13 C (75.4 MHz) NMR spectra were recorded on a Varian
Mercury-300 instrument, in CDCl 3 as solvent and TMS as internal standard. Mass spectra (MS) and HRMS were obtained, in electron impact (EI) (70 eV) and fast atom bombardment (FAB) modes, on a Hewlett-Packard 5971A, and on a Jeol JMS-AX 505 HA spectrometers. Microwave irradiation was carried out in a variable output (power in Watts) microwave oven MIC-1 from SEV (Mexico). 25 Analytical thin-layer chromatography was performed using E. Merck silica gel 60 F 254 coated 0.25 plates, visualizing by long-and short-wavelength UV lamps. Radial chromatography was performed on a Chromatotron of Harrison Research Instruments. All air moisture sensitive reactions were carried out under nitrogen using oven-dried glassware. Ethyl ether and THF were freshly distilled from sodium, and methylene chloride from calcium hydride, prior to use. All other reagents were used without further purification. Olefin 1a was prepared as reported.
12b
Methyl 2-(4-bromobenzoyloxy)-2-propenoate (1b). To a solution of 6.0 mL (0.043 mol) of triethylamine in dry THF (20 mL) and HMPA (1.0 mL), at -10 °C and under an N2 atmosphere, 2.0 g (19.6 mmol) of methyl pyruvate in dry THF (15 mL) were added dropwise Then, at the same temperature, 3.0 g (13.7 mmol) of 4-bromobenzoyl chloride diluted in dry THF (15 mL) were slowly added. After being stirred at room temperature for 24 h, the solvent was removed under vacuum, the residue was dissolved in CH2Cl2 (60 mL), and the organic solution was washed with an aqueous saturated solution of NH4Cl (2 x 50 mL). The aqueous layer was extracted with CH2Cl2 (3 x 50 mL). The combined organic extracts were dried (MgSO4), and the solvent was evaporated under vacuum. 
Methyl 2-(methacryloxy)-2-propenoate (1c).
To a solution of 5.0 mL (0.036 mol) of triethylamine in dry THF (20 mL) and HMPA (1.0 mL), at -50 °C and under an N2 atmosphere, 3.5 g (33.5 mmol) of methacryloyl chloride diluted in dry THF (15 mL) were slowly added. At the same temperature, 2.0 g (19.6 mmol) of methyl pyruvate in dry THF (15 mL) were added dropwise. After being stirred at room temperature for 24 h, the solvent was removed under vacuum, the residue was dissolved in CH2Cl2 (60 mL), and the organic solution was washed with an aqueous saturated solution of NH4Cl (2 x 50 mL). The aqueous layer was extracted with CH2Cl2 (3 x 50 mL). The combined organic extracts were dried (MgSO4), and the solvent was evaporated under vacuum. 
Methyl (2R)-3-[(R)-Methylbenzylamino]-2-(4-nitrobenzoyloxy)propenoate (5a). Methyl (2S)-3-[(R)-methylbenzylamino]-2-(4-nitrobenzoyloxy)propenoate (6a). Method A.
To a solution of 0.5 g (1.99 mmol) of 1a in dry THF (3 mL), at room temperature, 0.48 g (3.97 mmol) of (R)-(+)-methylbenzylamine (4a) were added. After being stirred at room temperature for 4 h, and the solvent was removed under vacuum. The residue (a mixture of 5a+6a/7a, 70:30) was purified by flash column chromatography on silica gel (15 g, hexane/EtOAc, 100:2), to give 0.25 g (46%) of a mixture of 5a/6a (60:40) as a pale yellow oil. Method B. To a solution of 0.24 g (2.00 mmol) of 4a in dry THF (10 mL), at room temperature, 2.00 mmol of the corresponding silyl chloride 8a-8c were added. After being stirred at room temperature for 1 h, the mixture was cooled to -50 °C, and 0.128 g (2.00 mmol) of n-BuLi (2M solution in hexane) were added dropwise. At the same temperature, 0.251 g (1.00 mmol) of 1a in dry THF (5 mL) were added. The mixture was stirred at -50 °C for 4 h, then at 25 °C for 24 h. The mixture was extracted with CH2Cl2 (3 x 30 mL), and the combined organic extracts were washed with an aqueous saturated solution of NH4Cl (2 x 30 mL) and with brine (30 mL). The molecular dynamics algorithm, and considering two-fold (for the conjugated fragments) and three-fold rotational freedom of the single bonds of the molecules under consideration. The resulting geometries were further optimized first with the AM1 semiempirical method (Spartan), and then by ab initio methods at the HF/3-21G, HF/6-31G(d,p) and B3LYP/6-31G(d,p), using the geometries of the lower levels as starting points for optimization at the higher levels of theory. All the ab initio calculations were carried out using Gaussian 94 22 in personal computers running under Linux. In all the ab initio optimizations the OPT=TIGHT keyword was employed; in addition, all the DFT calculations were carried out employing the INT(GRID=99590) keyword, in order to obtain better energies and vibrational frequencies. For all the conformers that we considered significant, additional vibrational analyses were carried out at each level of ab initio theory. For the final results, the electronic energies of each conformer were corrected by the thermal Gibbs Free Energy correction term (at 298 K and 1 atm), as given by the statistical mechanics analysis of the vibrational frequencies. Relative energies were obtained by substracting the energy of the lowest-energy conformer from the energies of all the conformers in each system, and converting these differences into kcal/mol. Additional details can be found in the main text.
